Introduction
============

The inflammatory bowel diseases (IBD), encompassing Crohn's disease (CD) and ulcerative colitis, are chronic inflammatory disorders of the gastrointestinal tract. Current concepts of IBD pathogenesis suggest a complex interplay between genetic, nutritional and environmental factors, and gut microbiota \[[@b1], [@b2]\]. Over the past decade, we, and others have reported mild to moderate hyperhomocysteinemia in the plasma of patients with IBD \[[@b3], [@b4]\]. Markedly elevated concentrations of homocysteine were also found in the colonic mucosa of IBD patients \[[@b5], [@b6]\]. Hyperhomocysteinaemia should only be considered a surrogate marker for methyl donor deficiency. Homocysteine plasma level is mainly influenced by nutritional status in folate, vitamin B12, vitamin B6 and by genetic polymorphisms of key enzymes of its metabolism \[[@b4]\]. Vitamin B12 and *methylenetetrahydrofolate reductase 677TT* genotype may be the main determinants of hyperhomocysteinemia in CD patients \[[@b3]\].

Methyl donor deficiency (folate and/or vitamin B12 deficiency) leads to increased homocysteine in tissues and might promote mucosal inflammation by activating a wide range of pathways related with inflammation, cellular and oxidative stress and apoptosis \[[@b4]\]. Homocysteine can induce the production of several inflammatory cytokines and chemokines, including the monocyte chemoattractant protein-1 (MCP-1, also termed CCL2) and interleukin (IL)-8 \[[@b5], [@b7]\]. Homocysteine-induced expression of these pro-inflammatory molecules requires NF-κB (nuclear factor-kappa B) activation, a crucial transcription factor involved in mediating downstream inflammatory process \[[@b8]\]. Elevated homocysteine levels were also shown to enhance superoxide dismutase (SOD) activity, a well-established marker of oxidative stress \[[@b9], [@b10]\]. We recently showed that the level of SOD was significantly correlated with Crohn's Disease Activity Index (DAI) in CD patients carrying *methionine synthase reductase MTRR AA* genotype \[[@b3]\]. Methyl donor deficiency affects the cell organization and function in the gastric mucosa of rat \[[@b11]\]. Apoptosis of T-cells has a key role in the pathophysiology of IBD \[[@b12]\]. A disturbed ratio between pro-apoptotic and anti-apoptotic pathways was shown to mediate apoptosis resistance in patients with CD \[[@b13]\]. By modulating apoptotic pathways \[[@b14]\], methyl donor status might contribute to intestinal homeostasis \[[@b4]\].

Despite the association of nutritional and genetic determinants of homocysteine with IBD, the effects of methyl donor deficiency on intestinal homeostasis remain poorly investigated from a molecular standpoint. Therefore, the aim of our study was to examine the impact of a methyl-deficient diet (MDD; diet deprived of folate, vitamin B12 and choline) on colonic lesions induced by dextran sodium sulphate (DSS) in rats and to identify mediators of inflammation, apoptosis and oxidative stress potentially contributing to colonic inflammation.

Materials and methods
=====================

Animals, diet and induction of colitis
--------------------------------------

Animal experiments were performed in accredited establishments (Inserm U 954) according to governmental guidelines N°86/609/CEE. Wistar rats (Charles River, l'Arbresle, France) were constantly maintained under standard laboratory conditions on a 12 hr light--dark cycle (lights on at 6:00 a.m.) with food and water available *ad libitum*, as described recently \[[@b11]\]. One month before pregnancy, adult females were fed with either standard food (*n*= 2) (Maintenance diet M20, Scientific Animal Food and Engineering, Villemoisson-sur-Orge, France) or a diet without vitamins B12, folate and choline (*n*= 3) (Special Diet Service, Saint-Gratien, France), as previously described \[[@b11]\]. The assigned diet was constantly maintained until the weaning of offspring, *i.e.* postnatal day 21 and the pups were fed with the same diet as their mother until the killing. Colitis was induced by administration of 5% DSS (molecular weight 36,000--50,000, MP Biomedicals, Strasbourg, France) dissolved in water. After 23 days of age, 14 pups of the control group (*n*= 26) and 16 pups of the deficient group (*n*= 29) were treated with DSS in the drinking water for 4 days. Age-matched control rats of the two groups were offered tap water. The pups were killed at 26 days of age (the fourth day of DSS treatment). A total of 55 pups (sex ratio females *versus* males = 0.96) were divided into four groups: (1) rats fed with standard diet, not treated with DSS and used as controls (noted C DSS^−^, *n*= 12); (2) rats fed with deficient diet and treated with DSS (noted D DSS^−^, *n*= 13); (3) rats fed with standard diet, treated with DSS and used as controls (C DSS^+^, *n*= 14) and (4) rats fed with deficient diet and treated with DSS (D DSS^+^, *n*= 16).

Disease activity index
----------------------

Daily weight, physical condition, stool consistency, water/food consumption and the presence of gross and occult blood in excreta and at the anus were determined. The colitis score was calculated by assigning scores of these parameters resulting in the DAI. DAI was used to evaluate grade and extent of intestinal inflammation based on a previously published grading system \[[@b15]\]. The score ranges from 0 to 4 (total score), which represents the sum of scores for weight loss, stool consistency and rectal bleeding divided by three. DAI has been shown to be well correlated with tissue damage scores and with specific measurements of inflammation, such as myeloperoxidase activity index \[[@b16]\].

Colon tissue and blood samples
------------------------------

For subsequent studies, pups were killed at 26 days of age by exposure to excess halothane. Intracardiac blood samples were drawn for the measurement of plasma concentrations of vitamin B12, folate and Hcy. The colon was quickly removed, open longitudinally and gently washed in PBS1X (2.7 mmol/l KCl, 140 mmol/l NaCl, 6.8 mmol/l Na~2~HPO~4~•2H~2~O, 1.5 mmol/l KH~2~PO~4~, pH 7.4). Subsequently, the colon tissue were either fixed in formaldehyde, embedded in paraffin or snap-frozen in liquid nitrogen and stored at −80°C until usage.

Determination of methyl donor and oxidative stress status
---------------------------------------------------------

Levels of vitamin B12 and folate were determined in plasma by radio-dilution isotope assay (simulTRAC-SNB; ICN Pharmaceuticals, Costa Mesa, CA, USA) and homocysteine by the fluorescence polarization immunoassay (FPIA, IMx analyser, Abbott Laboratories, Rungis, France) \[[@b11]\]. The Cu/Zn and Mn SOD activities were assessed using the Ransod kit (Randox, Oceanside, CA, USA), while the glutathione peroxidase (GPX) activity was carried out on a Kone Pro automate (Kone, Evry, France) using the Paglia *et al*. method \[[@b17]\]. We measured the activity of myeloperoxidase in colon samples, using the method previously described by Xia and Zweier \[[@b18]\].

Quantification of mRNA of tumour necrosis factor (TNF)-α by Q-RT-PCR
--------------------------------------------------------------------

Total RNA was purified from nitrogen frozen colon samples of control (*n*= 5) and MDD (*n*= 5) pups with the RNeasy Lipid Tissue kit following the recommendation of Qiagen (Courtaboeuf, France), which includes treatment with DNase. To check for possible DNA contamination of the RNA samples, reactions were also performed in the absence of Omniscript RT enzyme (Qiagen). The PCR was performed with the Quantitect SYBR Green PCR kit from Qiagen and the Light Cycler instrument from Roche Diagnostics (Manheim, Germany). Specific amplification of TNF-α mRNA was performed with as primers, forward: 5′ATG GGC TCC CTC TCA TCA GT 3′, reverse: 5′ GCT TGG TGG TTT GCT ACG AC 3′. Quantization was performed with ribosomal protein S29 (RPS29) as internal standard with the following primers: forward, 5′ATG GGT CTA CAG CAG CTC TA 3′; reverse: 5′GCC CGT ATT TAC GGA TCA GA 3′. Real-time PCR was carried out using the DNA binding dye SYBR Green I for the detection of PCR products. Temperature cycling for TNF-α run proceeded such as: 15 min. at 95°C to activate the enzyme, followed by 50 cycles consisting of: 90°C for 10 sec., 58°C for 15 sec. and 72°C for 15 sec. Temperature cycling for RPS29 run proceeded as: 15 min. at 95°C to activate the enzyme, followed by 50 cycles consisting of: 94°C for 10 sec., 55°C for 20 sec. and 72°C for 15 sec. Then melting curves analyses were performed by increasing temperature from 65 to 95°C. Results were expressed as arbitrary units (AU) by calculating the ratio of crossing points of amplification curves of TNF-α mRNA and internal standard, respectively, using the RelQuant software (Roche Diagnostics).

Immunoblot analysis
-------------------

Soluble extracts (30 μg/lane) were separated by 5--10% SDS-PAGE in reducing conditions and transferred to Immobilon membranes (Millipore Corp., Bedford, MA, USA). Blots were blocked in 5% non-fat milk in TBST (10 mM Tris-HCl, 150 mM NaCl, pH 7.6, containing 0.1% Tween 20) for 1 hr at 37°C and then incubated with primary antibodies overnight at 4°C. Membrane were extensively washed with TBST and then incubated for 1 hr at room temperature with horseradish peroxidase-conjugated secondary antibody. After future washings, blots were developed using enhanced chemiluminescence (ECL; Amersham Biosciences, Amersham, UK). Bands were revealed and quantified by densitometry using the ImageQuant 5.1 program. Primary antibodies for caspase-3, p38 and cytosolic phospolipase A2 (cPLA2) were obtained from Cell Signaling Technology (Beverly, MA, USA); antibodies for cyclooxygenases (COX1 and COX2), and 5-lipooxygenase (5-LOX) were obtained from Cayman (Tallinn, Estonia), TIMP3, Bcl-2, Bax and actin were obtained from Santa Cruz (Santa Cruz, CA, USA), TNF-α convertase \[TACE/ADAM (a disintegrin and metallopeptidase domain)17\] from Chemicon (Temecula, CA, USA). Appropriate secondary antibodies conjugated to HRP were used for detection with ECL or ECL PLUS reagent (Amersham Biosciences).

Immunohistochemistry and immunofluorescence microscopy
------------------------------------------------------

Colonic sample were fixed in 4% (m/v) formaldehyde pH 7.4 for 24 hrs and were routinely processed and embedded in paraffin. Paraffin blocks were used to generate 5-μm-thick haematoxylin- and eosin-stained sections. Experimenters assigned the histological scores in blind condition of sample identity. Colonic epithelial damage was assigned scores as follows: 0 = normal; 1 = hyperproliferation, irregular crypts and goblet cell loss; 2 = mild to moderate crypt loss (10--50%); 3 = severe crypt loss (50--90%); 4 = complete crypt loss, surface epithelium intact; 5 = small- to medium-sized ulcer (\<10 crypt widths) and 6 = large ulcer (\>10 crypt widths). Infiltration with inflammatory cells was assigned scores separately for mucosa (0 = normal, 1 = mild, 2 = modest, 3 = severe), submucosa (0 = normal, 1 = mild to modest, 2 = severe) and muscle/serosa (0 = normal, 1 = moderate to severe). Scores for epithelial damage and inflammatory cell infiltration resulted in a total scoring range of 0--12, according to Katakura *et al*. \[[@b19]\].

To identify the expression of cPLA2, cryosections of rat colon were fixed in acetone for immunofluorescence microscopy. After washing in PBS1X, non-specific binding was blocked with 10% bovine serum albumin for 1 hr prior to the addition of the cPLA2 antibody (1:200), and incubated overnight at 4°C in a humidified chamber. After repeated washings in PBS1X, the sections were incubated with a fluorescein isothiocyanate-conjugated antimouse secondary antibody for 1 hr 1/1000, Alexa Fluor 488, Cell Signaling Technology). The sections were washed again in PBS1X and mounted in Vectashield media (Vector Labs, Burlingame, CA, USA).

Sections were processed for peroxidase immunostaining using the Dako Laboratories, (Trappes, France) system following the manufacturer's recommendations. Immunohistochemistry was performed on formalin-fixed, paraffin-embedded tissue sections using the streptavidin-biotin-peroxydase method in a Dakocytomation AutoStainer (Glostrup, Denmark). Sections were first deparaffinized and rehydrated. Antigen retrieval was performed by incubating the slides in Tris-citrate buffer pH 6.0 for 20 min. at 97°C (PT Link, Dakocytomation). Endogenous peroxydase activity was blocked by incubation in 3% hydrogen peroxide for 10 min. Polyclonal rabbit anti-myeloperoxydase (dilution: 1/4000; Dakocytomation) and monoclonal mouse anti-E-Cadherin (dilution: 1/120, clone 4A2C7; Invitrogen, Carlsbad, CA, USA) were incubated on slides for 30 min. at temperature room. Biotinylated secondary antibodies were a polyclonal swine anti-rabbit (Dakocytomation) or polyclonal goat antimouse (Dakocytomation) antibodies.

Sections were incubated with 3,3-diaminobenzidine substrate (Dako Laboratories) for 1 min. before the reaction was stopped in distilled water, and counterstained with haematoxylin. Withdrawal of the primary antibody and replacement with a non-specific antibody were used as negative controls.

Statistical analysis
--------------------

Data were prospectively collected and analysed with SAS software (SAS Institute, Berkley, CA, USA). Continuous variables were reported as means ± S.D. Raw data were compared by using one-way [anova]{.smallcaps} with Fisher's test. A *P*-value \< 0.05 was considered to indicate statistical significance.

Results
=======

Confirmation of methyl donor deficiency
---------------------------------------

Levels of vitamin B12, folate and homocysteine were measured in blood samples of rats to evaluate the influence of MDD on these parameters. As expected, at 26 days of age, compared with the standard diet, the deficient diet significantly decreased the plasma concentration of both vitamin B12 (919 ± 54 *versus* 489 ± 27 pmol/l, respectively, *P* \< 0.01) and folate (99 ± 38 *versus* 13 ± 2 nmol/l, respectively, *P* \< 0.01) and was accompanied by an increase in the plasma concentration of homocysteine (7.8 ± 0.9 *versus* 22.6 ± 1.2 μmol/l, respectively, *P* \< 0.01). Of note, treatment of rats with DSS did not influence folate, vitamin B12 and homocysteine plasma levels.

Effects of methyl donor deficiency during DSS-induced colitis
-------------------------------------------------------------

Treatment with DSS induced a colitis characterized by inflammatory cell infiltrations, as previously described \[[@b20], [@b21]\]. Of note, DSS intake was similar in C DSS^+^ and D DSS^+^ rats. The DAI provides a well-characterized scoring system to quantify disease severity that is correlated with histological lesions \[[@b21]\]. Maximum severity of colonic inflammation was reached at 6 days after initiation of DSS treatment. As expected, the DAI was higher in the C DSS^+^ group than in the C DSS^−^ group (*P* \< 0.05). Importantly, methyl donor deficient diet further aggravated the severity of colitis induced by DSS, as reflected by the dramatically higher DAI in the D DSS^+^ group compared with the C DSS^+^ group (*P* \< 0.01, [Fig. 1](#fig01){ref-type="fig"}). There was no difference in terms of DAI when comparing the D DSS^−^ group with the C DSS^−^ group. The total score for epithelial damage and inflammatory cell infiltration was estimated to 0.0 ± 0.0, 0.0 ± 0.0, 2.0 ± 0.5 and 5.7 ± 0.6 for the C DSS^−^, D DSS^−^, C DSS^+^ and D DSS^+^ groups, respectively, showing a dramatic increase of the score in the deficient rats exposed to DSS, compared to the other groups (*P* \< 0.001).

![Effects of MDD on DAI during DSS^−^-induced colitis in rats. Deficient diet and DSS-treated rats \*C DSS^+^ *versus* C DSS^−^, *P* \< 0.05; \*\*D DSS^+^ *versus* C DSS^+^, *P* \< 0.01, [anova]{.smallcaps}, Fisher test.](jcmm0015-2486-f1){#fig01}

Oxidative stress markers
------------------------

In animals drinking tap water, levels of both Cu/Zn SOD and Mn SOD activities were significantly higher in the colon of rat pups of the D/DSS^−^ group compared to the C DSS^−^ group, suggesting that methyl donor deficiency promotes oxidative stress under physiological conditions ([Table 1](#tbl1){ref-type="table"}). Methyl donor deficiency did not influence SOD activity after the rats were treated with DSS. There was no difference in GPX activity between the four groups of rats ([Table 1](#tbl1){ref-type="table"}).

###### 

Activity (per mg or g protein) of SOD and GPX in the colon of rats

                      C/DSS^−^       D/DSS^−^           C/DSS^+^        D/DSS^+^
  ------------------- -------------- ------------------ --------------- ---------------
  Total SOD (UI/mg)   7.98 ± 1.85    13.46 ± 7.01^\*^   8.11 ± 2.41     7.65 ± 1.08
  SOD Mn (UI/mg)      0.76 ± 0.23    1.05 ± 0.27^\*^    0.53 ± 0.12     0.74 ± 0.17
  SOD Cu/Zn (UI/mg)   7.22 ± 1.73    12.42 ± 6.77^\*^   7.58 ± 2.3      6.91 ± 1.01
  GPX (μmol/min/g)    64.86 ± 6.95   84.55 ± 31.77      66.97 ± 15.33   69.03 ± 14.88

Results are expressed as mean ± S.D. ^\*^D DSS^−^ *versus* C DSS^−^, *P* \< 0.05, [anova]{.smallcaps}, Fisher test.

Apoptosis
---------

At the protein level, neither MDD nor DSS treatment alone affected the expression of caspase-3, Bax and Bcl2. When combined, DSS treatment and MDD decreased the expression of both caspase-3 and Bax, two pro-apoptotic factors, while increasing the expression of Bcl2, an anti-apoptotic factor. As shown in [Figure 2](#fig02){ref-type="fig"}, there was an increase in the protein level of the 17 kD active subunit of caspase-3 in D DSS^−^ rats when compared with C DSS^−^ animals, but this did not reach statistical significance. The protein level of the 17 kD active subunit of caspase-3 was significantly higher in the colon of rats of the C/DSS^+^ group compared with the D/DSS^+^ group. Similarly, the expression level of Bax was lower in the D/DSS^+^ group than in the C/DSS^+^ group ([Fig. 2](#fig02){ref-type="fig"}), indicating that MDD may further decrease the expression of pro-apoptotic factors during experimental colitis. In the colon of rats fed a MDD and treated with DSS (D DSS^+^ group), the expression levels of both caspase-3 and Bax were significantly decreased while the expression level of Bcl2 was significantly increased when compared with animals fed a methyl-deficient diet but drinking tap water (D DSS^−^ group), even though the magnitude of the difference was lower for Bcl2 than for caspase-3 and Bax. Collectively, these findings show that during experimental colitis in rats, methyl donor deficiency further stimulates anti-apoptotic pathways.

![Effects of MDD on apoptosis. Western blot analyses of caspase3, Bax and Bcl2 were performed in rats with DSS-induced colitis. \*\* Caspase3 of D DSS^−^ compared with D DSS^+^, *P* \< 0.05; \* Bax/actin and Bcl-2/actin ratios of D DSS^−^ compared with D DSS^+^, *P* \< 0.05.](jcmm0015-2486-f2){#fig02}

Inflammatory mediators and pathways
-----------------------------------

The mRNA level of TNF-α was determined by semi-quantitative real time RT-PCR, using PR29 (Ribosomal protein 29) as reference gene. The TNF-α mRNA level was significantly higher in colon from methyl-deficient rats compared to the rats fed a standard diet ([Fig. 3](#fig03){ref-type="fig"}). In line with the increased expression of TNF-α, Western blot analysis showed a decreased expression of TIMP3, a potent inhibitor of TNF-α in rats subjected to DSS and/or the MDD, compared with control animals. By contrast, expression levels of TACE were broadly similar between the four groups ([Fig. 3](#fig03){ref-type="fig"}). Western blot analysis revealed that the expression level of p38 was markedly increased by the MDD in the absence of DSS treatment ([Fig. 4](#fig04){ref-type="fig"}). The MDD dramatically increased the p38 protein level in DSS-treated rats, compared to animals receiving DSS alone (C/DSS^+^ group) ([Fig. 4](#fig04){ref-type="fig"}).

![Effects of MDD on expression levels of TNF, TIMP3 and TACE in DSS-induced colitis in rats. Western blot analysis of TIMP3 and TACE expression (top and bottom right) and mRNA level of TNF determined by semi-quantitative real time RT-PCR, using PR29 as reference gene (bottom left). \*TNF of C DSS^−^ compared with D DSS^−^, *P* \< 0.05; \*\*TIMP3 of C DSS^−^ compared with either D DSS^−^, C DSS^+^ or D DSS^+^, *P* \< 0.01.](jcmm0015-2486-f3){#fig03}

![Effects of MDD on expression levels of p38 and cPLA2 during DSS-induced colitis in rats. Western blot analysis of p38 and cPLA2 expression (top) and quantitative analysis (bottom). \*p38 and cPLA2 of C DSS^−^ compared with D DSS^−^, *P* \< 0.05; \*\*p38 and cPLA2 of D DSS^+^ compared with either C DSS^+^ or D DSS^−^, *P* \< 0.01.](jcmm0015-2486-f4){#fig04}

Because p38 MAPK may be an upstream regulator of cPLA2 \[[@b22]\], we investigated whether MDD and DSS treatment may affect the expression of cPLA2 at the protein level. Similar to p38, in animals drinking tap water, the cPLA2 protein level was significantly increased in the D DSS^−^ group compared with the C DSS^−^ group. The MDD also increased the expression of cPLA2 in the rats treated with DSS ([Fig. 4](#fig04){ref-type="fig"}). Immunohistochemistry confirmed an increased expression of cPLA2 in the colon of rats fed a MDD compared with animals of the control group, in absence of DSS treatment ([Fig. 5](#fig05){ref-type="fig"}). Histopathological examination of the mucosa of the deficient animals treated by DSS showed necrotic lesions in the glands, an oedema and an infiltration by mononuclear cells in the sub-mucosa. The vessels were dilated and shared thrombotic lesions ([Fig. 5](#fig05){ref-type="fig"}).

![Histopathological examination of the mucosa of the methyl donor deficient rats treated with DSS (B) compared with controls (A). Immunohistochemistry of cPLA2 in colonic mucosa of control (C) and deficient rats (D). Immunohistochemistry of COX2 in colonic mucosa of control (E) and methyl-deficient rats (F). Data shown are representative of triplicate experiments and magnifications are indicated by bars.](jcmm0015-2486-f5){#fig05}

The mucosal damage produced by DSS did not allow evaluating the expression of cPLA2 by immunohistochemistry in the DSS-treated animals. Arachidonic acid is released from membrane phospholipids by cPLA2 \[[@b23]\]. Arachidonic acid is then converted into eicosanoids by three enzymes, namely COX, LOX and cytochrome P450 \[[@b23], [@b24]\]. To further evaluate the consequences of the increase in cPLA2 expression during MDD and experimental colitis, the protein levels of COX-1, COX-2 and 5-LOX were measured in the colon of rats \[[@b23]\]. As showed in [Figure 6](#fig06){ref-type="fig"}, the expression level of COX-2 was significantly increased in the colon of rats of the D DSS^+^ group compared with the C DSS^+^ group. By contrast, the protein levels of both COX-1 and 5-LOX were broadly similar among the four groups of rats. Immunohistochemistry suggested an increased expression of COX2 in the colon of rats fed a MDD in the absence of DSS treatment ([Fig. 5](#fig05){ref-type="fig"}). However, this finding was not confirmed by Western blot analysis ([Fig. 6](#fig06){ref-type="fig"}). Taken together, these results showed that the methyl donor deficiency may activate pro-inflammatory cascades, such as the p38/TNF/cPLA2/COX-2 pathway, in the colon of rats under both physiological and pathological conditions.

![Effects of MDD on expression levels of COX1, COX2 and LOX during DSS-induced colitis in rats. Western blot analysis of COX1, COX2 and LOX expression (top) and quantitative analysis (bottom). \*\* COX2 of D DSS^+^ compared with either C DSS^+^, D DSS^−^ or C DSS^−^, *P* \< 0.001.](jcmm0015-2486-f6){#fig06}

Integrity of the intestinal barrier
-----------------------------------

The methyl donor deficiency did not influence the mucosal thickness of the colon (0.26 ± 0.02, 0.22 ± 0.01 mm in C DSS^−^ and D DSS^−^ groups, respectively), while the DSS produced a significant reduction in the two DSS^+^ groups (0.17 ± 0.01 and 0.16 ± 0.02 mm in C DSS^+^ and D DSS^+^, respectively), compared with the other groups (*P* \< 0.01). The absence of influence of the methyl donor deficiency on mucosal integrity was also demonstrated by the maintained expression of β-catenin and the absence of MPO in immunohistochemical examination of colon specimens from D DSS^−^ rats, compared with C DSS^−^ rats ([Fig. 7](#fig07){ref-type="fig"}). In agreement with these findings, the MPO activity was similar in colon samples of C DSS^−^ and D DSS^−^ rats (2.08 ± 0.55 and 1.67 ± 0.23 μmol/min./g, respectively).

![Histopathological examination of the haematoxylin- and eosin-stained colon specimens from methyl donor deficient rats (B) compared with controls (A). Immunohistochemistry of myeloperoxidase in colonic mucosa specimens from control (C) and methyl donor deficient rats (D). Immunohistochemistry of E-Cadherin in colonic mucosa of control (E) and methyl donor deficient rats (F). Data shown are representative of triplicate experiments and magnifications are indicated by bars.](jcmm0015-2486-f7){#fig07}

Discussion
==========

We recently demonstrated in rats that methyl donor deficient diet during gestation and lactation induced gastric lesions at weaning characterized by surface layer erosion related with loss of cell polarity, anarchic cell migration, abnormal progenitor differentiation and apoptosis \[[@b25]\]. Herein, we found that this MDD was not capable of increasing the DAI, in the absence of any additional exposure. We were willing to investigate whether the pro-inflammatory pathways and the surface layer erosion specifically activated by the methyl donor deficiency aggravate the mucosal injury produced by DSS, because the latter is a widely used non soluble agent that disrupts the colonic epithelium.

A decrease in antioxidant capacity associated with an increased oxidative stress has been reported in CD patients \[[@b26]\]. In our model, the methyl deficiency diet led to a significant increase in SOD in the absence of DSS administration. This result is in line with the study by Moat *et al*. showing enhanced activity of SOD in the plasma of patients with hyperhomocysteinemia \[[@b9]\]. Consistently, we recently found a significant association between clinical activity and the SOD activity in CD patients carrying the *MTRR 66AA* genotype \[[@b3]\]. The effect of homocysteine on GPX activity remains controversial \[[@b9], [@b27]\]. This may be partly explained by differences between the models studied (human beings, animals, or cell culture). In our study, a MDD did not affect GPX activity, suggesting that SOD rather than GPX may mediate oxidative stress in the colon of rats and contribute to pathological intestinal inflammation.

An increased Bcl2 : Bax ratio resulting in resistance of T cells against apoptosis has been reported in the lamina propria of CD patients \[[@b12], [@b13]\]. We found that DSS-induced colitis enhanced the expression of the anti-apoptotic factor Bcl2 while decreasing the level of pro-apoptotic markers (capsase-3 and Bax) in rats fed the MDD. Homocysteine treatment was shown to induce apoptosis of different cell types *in vitro*\[[@b14], [@b28]\], whereas the expression level of pro-apoptotic markers was increased in the liver from cystathionine β synthase-deficient mice, brain from methyl-deficient rats or in rats restricted in folate and vitamin E \[[@b28]--[@b31]\]. The contrasted results between these and our study may be explained by differences in the experimental models and designs and by differences in the cystathionine β synthase expression in tissues. In our rat model, cystathionine β synthase is expressed in the intestine and can degrade homocysteine. In contrast, cystathionine β synthase is not expressed in the brain and in tissues of *cbs*^−/−^ mice. Consequently, the lack of degradation of homocysteine could have produced more dramatic effects in these studies than in our model.

TNF-α is a key actor of the acute phase of IBD. We failed to detect TNF-α by Western blotting, but we demonstrated an increased expression of *TNF* gene at the transcriptional level in the deficient rats. TIMP3 is a crucial negative regulator of TNF-α in both tissue homeostasis and tissue response to injury \[[@b32]--[@b34]\]. Western blotting of membrane-bound TNF and soluble TNF is increased in the livers of TIMP3^−/−^ mice compared with those of wild-type mice, while no difference is observed in the expression of TNF mRNA \[[@b32]\]. In our experimental model, the MDD produced a dramatic decreased of TIMP3 and no change in TACE (ADAM17). A recent study showed a differential expression of ADAM17 and TIMP3 in acute inflamed intestinal epithelia \[[@b33]\]. These and our data therefore suggest investigating whether TIMP3 exerts regulating effects on the TNF-α pathway by dual mechanisms, the one dependent and the other independent from TACE \[[@b34]\]. Activation of p38 MAPK has been linked to IBD pathogenesis \[[@b35]\]. In line with previous reports showing that homocysteine can activate p38 \[[@b5]\], which in turn increases TNF levels \[[@b36]\], both p38 and TNF expression levels were significantly increased in the colon of rats fed a MDD. Pro-inflammatory stimuli, such as TNF, are well-established inducers of anti-apoptotic pathways \[[@b12]\]. Accordingly, the expression of Bax, an anti-apoptotic factor, is down-regulated in inflamed colonic mucosa of IBD patients \[[@b37]\]. Vitamin B12 deficiency is associated with increased TNF levels and TNF-related pathways in cell models, in human beings and in rats \[[@b38]--[@b40]\]. Therefore, during colitis, concomitant methyl donor deficiency may further activate anti-apoptotic factors while decreasing pro-apoptotic factors. Both TNF and homocysteine are known to stimulate NF-κB \[[@b8]\], an anti-apoptotic mediator. Furthermore, overexpression of MnSOD and CuZnSOD is capable of preventing apoptosis \[[@b41]\]. Taken as a whole, these results may explain, at least in part, the mechanisms whereby MDD aggravates experimental colitis in rats.

Eicosanoids are produced *de novo* from membranes following cell activation by physiological and pathological stimuli, such as pro-inflammatory cytokines \[[@b24]\]. When tissues are exposed to these stimuli, arachidonic acid is released from membrane phospholipids by phospholipases, cPLA2 being the key enzyme in eicosanoid production \[[@b24]\]. Arachidonic acid is then converted into eicosanoids by three enzymes, namely COX, LOX and cytochrome P450 \[[@b24]\]. The activity of cPLA2 was markedly increased in the colon of rats treated with DSS \[[@b42]\]. The concentration of cPLA2 was also increased in colonic mucosa of patients with active IBD \[[@b43]\]. Accordingly, cPLA2 inhibition had an anti-inflammatory effect during experimental colitis in rats \[[@b43]\]. In the absence of colitis, we found that methyl donor deficiency was associated with an increase in cPLA2 levels in the rat colon. Similar to apoptosis, the increase in p38 levels associated with MDD may contribute to high cPLA2 in these animals, as suggested by previous reports \[[@b21]--[@b23]\]. Therefore, a MDD may further enhance colonic lesions induced by DSS treatment in rats.

COX and LOX are two enzymes responsible for the synthesis of eicosanoids, using arachidonic acid as substrate \[[@b24]\]. Two COX isoforms have been identified, COX-1, the constitutive form and COX-2, the inducible form \[[@b24]\]. The expression of 5-LOX and COX-1 was unchanged in the colon of IBD patients \[[@b44]\]. Consistently, DSS treatment and/or methyl donor deficiency had no impact on 5-LOX and COX-1 levels in our animal model. COX-2 is undetectable in normal ileum or colon of IBD patients and, but it is induced in apical epithelial cells of inflamed foci in IBD patients \[[@b45]\]. Hendel *et al*. found a significant correlation between endoscopic activity and COX-2 mRNA levels \[[@b46]\]. COX-2 expression level was dramatically increased in the colon of methyl-deficient rats treated with DSS. This elevation of COX-2 concentration in the rat colon may occur through direct and indirect mechanisms. High TNF levels within the colonic mucosa of rats may directly enhance COX-2 expression \[[@b47]\]. In addition, pro-inflammatory stimuli, such as p38 and TNF, may increase the release of arachidonic acid from membrane phospholipids, which in turns serves as substrate for LOX, COX-1 and COX-2 \[[@b24]\]. Overall, combined elevation of cPLA2 and COX-2 may increase the synthesis of prostaglandins and thromboxanes and contribute to maintenance of mucosal inflammation in the colon of IBD patients. Interestingly, platelet incubation with homocysteine significantly increased thromboxane levels \[[@b48]\], further supporting a role for methyl donor deficiency in the development and/or maintenance of colonic inflammation in rats. From a clinical point of view, beside their direct role in the severity of the disease, inflammation pathways are key players in the development of IBD-associated colon cancer \[[@b49]\]. The decreased expression of pro-apoptotic markers in colon mucosa of the deficient animals has also to be considered in regards to the controversy that exists between the folate status and the risk for colon cancer \[[@b50]--[@b52]\]. The mucosal integrity and the transepithelial migration of neutrophils are interacting parameters to be considered in the mechanisms beyond the relations between methyl donor deficiency, inflammation and the severity of the mucosal injury produced by DSS. The apical junctional complex is the main component of the intestinal barrier; it consists of tight and adherens junctions that are compromised in IBD, with disappearance of key proteins such as occluding and E-cadherin \[[@b53]\] and infiltration of neutrophils \[[@b54]\]. These mechanisms had a limited influence, if any, in our model, since we observed a maintained thickness and integrity of the colon mucosa in the DSS^−^ methyl-deficient rats, with no disappearance of E-cadherin expression and no transepithelial migration of neutrophils.

In conclusion, a methyl deficiency diet aggravate experimental colitis in rats by promoting oxidative stress, decreasing cell apoptosis and by activating inter-related pro-inflammatory mechanisms, including the TNF pathway, p38, cPLA2 and COX-2. However, the validity of these findings needs to be investigated by evaluating the clinical implications. In IBD patients, homocysteine levels were positively correlated with activity, number of flares and duration of IBD \[[@b55]\]. Therefore, screening for folate and vitamin B12 deficiencies aimed at restoring a normal methyl donor status might improve the management of IBD patients, possibly modifying the clinical course of the disease. Further studies are now required to assess the benefit/risk ratio for treating the patients with B12 and/or folate deficit in human IBD.
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